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METHOD AND SYSTEM FOR ESTIMATING THREE- 
DIMENSIONAL RESPIRATORY MOTION 

BACKGROUND OF THE INVENTION 

The present technique relates generally to the measurement of motion in 
medical imaging. More specifically, the present technique relates to the use of sensors 
and/or image data to measure the three-dimensional motion of an organ. 

In the medical field, it is often desirable to generate images of the intemal 
organs or structure of a patient for diagnosis or examination. For example, magnetic 
resonance imaging (MRI) and computed tomography (CT) are two well known 
examples of imaging modalities used to generate images of the intemal organs or 
structures of a patient. The reconstructed images, however, may be flawed or contain 
artifacts due to the motion of intemal organs, such as the heart, lungs, diaphragm, 
stomach, and so forth. In particular, if the imaged region has undergone motion 
during the imaging process, various motion-related artifacts or discontinuities may be 
present in the reconstructed image. 

For example, images acquired of one or more organs in the torso of a patient, 
such as the heart, lungs, stomach, and so forth, may have motion-related artifacts 
associated with cardiac and/or respiratory activity. One problem that may arise in 
attempting to estimate the motion of an imaged organ is that the various techniques 
employed may not provide sufficient motion information in all of the dimensions of 
interest. 

For example, sensors that measure mechanical motion or some characteristic 
of motion may be situated on the patient. Such sensors may measure a variety of 
parameters, such as displacement, pressure, velocity, acceleration, and so forth, which 
may be processed to characterize the intemal motion of one or more organs. However 
the motion characterization derived from such an external sensors or sensors is 
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typically one-dimensional, i.e., motion is only described along a single axis spanning 
the sensor and the organ. Due to the shape of the human body, however, it is typically 
difficult to situate three mechanical sensors sufficiently near to an organ of interest 
such that the sensors are orthogonal to one another. The three-dimensional motion of 
5 the organ, therefore, cannot be easily described using mechanical sensors. 

Similarly, image data, such as pre-acquisition data in the form of a Navigator 
Echo generated by an MRI system, may be used to measure organ motion. Such 
techniques, however, require anatomical landmarks that can be easily distinguished 

10 and used to gauge motion. Such landmarks are generally not available along all three- 

dimensions for most organs of interest. As a result, pre-acquisition image techniques 
may also be essentially one-dimensional in characterizing motion. At the very least, 
such techniques are not generally useful for characterizing the motion of an organ in 
three-dimensions. The absence of reliable data describing the three-dimensional 

15 motion of an imaged organ may impair efforts to reduce or eliminate motion-related 

artifacts in the image data. It is, therefore, desirable to develop a technique for 
reliably estimating the motion of an imaged organ in three-dimensions with good 
temporal resolution. 

20 BRIEF DESCRIPTION OF THE INVENTION 

The present invention is directed to a technique for determining the three- 
dimensional motion of an organ. In general, the technique utilizes one or more 
methodologies to determine motion such that motion along the three-dimensional axes 
of an object as measured by one or more methodologies. For example, sensor-based 

25 measurement may be used to measure motion, such as along one or two perpendicular 

axes relative to the organ. Image-based motion measurement techniques, using pre- 
acquisition or acquisition image data, may also be used to measure motion along one 
or more perpendicular axes. The measured motion along each perpendicular axis may 
be used to derive concurrent motion vectors for the organ for all three dimensions 

30 over time. 



2 



139947 

In accordance with one aspect of the present technique, a method for 
determining the motion of an organ is provided. In the present technique, a first set of 
one-dimensional motion data for an organ may be acquired along a first axis by a first 
methodology. A second set of one-dimensional motion data for the organ may be 
5 acquired along a second axis by a second methodology. A third set of one-dimensional 

motion data for the organ may be acquired along a third axis by a third methodology. 
The three axes are perpendicular to one another. One or more concurrent motion vectors 
may be derived from each of the first, second, and third sets of one-dimensional motion 
data. The one or more concurrent motion vectors may be combined to generate a set of 
10 three-dimensional motion data for the organ. Systems and computer programs that 

afford functionality of the type defined by this method are also provided by the present 
technique. 

BRIEF DESCRIPTION OF THE DRAWINGS 

15 The foregoing and other advantages and features of the invention will become 

apparent upon reading the following detailed description and upon reference to the 
drawings in which: 

Fig. 1 is a general diagrammatical representation of certain functional 
20 components of an exemplary generic imaging system capable of gating via the present 

technique; 

Fig. 2 is a diagrammatical representation of an exemplary magnetic resonance 
imaging system which may be employed in the technique; and 

25 

Fig. 3 is a flowchart depicting the determination of three-dimensional motion, 
in accordance with the present technique; 

Fig. 4 is a flowchart depicting the determination of three-dimensional motion 
30 using both sensor-based and data-based methodologies, in accordance with the present 

technique; and 
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Fig. 5 is a flowchart depicting the determination of three-dimensional motion 
with vaUdation, in accordance with the present technique. 

5 DETAILED DESCRIPTION OF SPECIFIC EMBODIMENTS 

In the field of medical imaging, the motion of an organ may lead to motion 
artifacts in images of the organ. Various techniques may be employed to estimate the 
motion of the imaged organ, allowing image acquisition and/or image processing to be 
adapted to reduce motion artifacts, such as by using gating or motion correction 
10 techniques. In the present technique, multiple sources of motion data may be 

employed to characterize the three-dimensional motion of an organ or organs being 
imaged. 

An exemplary imaging system 10 capable of operating in accordance with the 
15 present technique is depicted in Fig. 1. Generally, the imaging system 10 includes 

some type of imager 12 that detects signals and converts the signals to useful data. As 
described more fully below, the imager 12 may operate in accordance with various 
physical principals for creating the image data. In general, however, the imager 12 
creates image data indicative of the region of interest in a patient 14, either in a 
20 conventional support, such as photographic film, or in a digital medium. 

The imager 12 operates under the control of system control circuitry 16. The 
system control circuitry 16 may include a wide range of circuits, such as radiation 
source control circuits, timing circuits, circuits for coordinating data acquisition in 

25 conjunction with patient or table movements, circuits for controlling the position of 

radiation sources and detectors, and so forth. In the present context, the system 
control circuitry 16 may also include memory elements, such as magnetic or optical 
storage media, for storing programs and routines executed by the system control 
circuitry 16 or by associated components of the system 10. The stored programs or 

30 routines may include programs or routines for performing all or part of the present 

technique. 
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Image data or signals acquired by the imager 12 may be processed by the 
imager 12, such as for conversion to digital values, and provided to data acquisition 
circuitry 18. The data acquisition circuitry 18 may perform a wide range of processing 
5 functions, such as adjustment of digital dynamic ranges, smoothing or sharpening of 

data, as well as compiling of data streams and files, where desired. In situations 
where pre-acquisition image data, such as Navigator pulses in magnetic resonance 
imaging (MRI), are acquired, the data acquisition circuitry 18 may provide image data 
to the system control circuitry 16 for prospective gating or other processing. 

10 

The data acquisition circuitry 18 may also transfer acquisition image data to 
data processing circuitry 20, where additional processing and analysis are performed. 
The data processing circuitry 20 may perform substantial analyses of image data, 
including ordering, sharpening, smoothing, feature recognition, and so forth. In 

15 addition, the data processing circuitry 20 may receive motion data for one or more 

organs from one or more sensor-based motion detection systems 34, as discussed in 
detail below. Based on image-based and/or sensor-based motion data, respiration 
gating may be facilitated by the data processing circuitry 20, such as by determining 
motion attributes, motion thresholds, and/or gating intervals that may be provided to 

20 the system control circuitry 16 and/or operator workstation 22. The processed image 

data may be stored in short or long term storage devices, such as picture archiving 
communication systems, which may be located within or remote from the imaging 
system 10 and/or reconstructed and displayed for an operator, such as at the operator 
workstation 22. 

25 

In addition to displaying the reconstructed image, the operator workstation 22 
may control the above-described operations and functions of the imaging system 10, 
typically via an interface with the system control circuitry 16. The operator 
workstation 22 may include one or more processor-based components, such as general 
30 purpose or application specific computers 24. In addition to the processor-based 

components, the operator workstation 22 may include various memory and/or storage 
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components including magnetic and optical mass storage devices, intemal memory, 
such as RAM chips. The memory and/or storage components may be used for 
storing programs and routines for performing the techniques described herein that are 
executed by the operator workstation 22 or by associated components of the system 
5 10. Alternatively, the programs and routines may be stored on a computer accessible 

storage and/or memory remote from the operator workstation 22 but accessible by 
network and/or commxmication interfaces present on the operator workstation 22. 

The operator workstation may also comprise various input/output (I/O) 
10 interfaces, as well as various network or communication interfaces. The various I/O 

interfaces may allow communication with user interface devices, such as a display 26, 
keyboard 28, mouse 30, and printer 32, that may be used for viewing and inputting 
configuration information and/or for operating the imaging system 10. The various 
network and commvinication interfaces may allow connection to both local and wide 
15 area intranets and storage networks as well as the Intemet. Though the various I/O 

and commimication interfaces are indicated as operating through wires or lines in 
Figure 1, it is to be understood that wireless interfaces may also be utilized where 
appropriate. 

As one of ordinary skill in the art will appreciate, more than a single operator 
workstation 22 may be provided for an imaging system 10. For example, an imaging 
scanner or station may include an operator workstation 22 which permits regulation of 
the parameters involved in the image data acquisition procedure, whereas a different 
operator workstation 22 may be provided for manipulating, enhancing, and viewing 
results and reconstructed images. 

The motion of the lungs or other organs of interest, such as the diaphragm or 
heart, may be measured in a variety of ways. In some cases, the motion data of 
interest may be derived using data obtained from the image scanner 12 itself. 
30 Alternatively, sensor-based motion determination techniques may be employed in 

conjunction with or instead of data-based techniques which rely on the imager 12. In 
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these instances, the exemplary imaging system 10 may include or may be in 
commvmication with one or more sensor-based motion measurement systems 34. The 
sensor-based motion measurement systems 34 typically comprise one or more sensors 
36 in the form of a pad or contact that may be disposed on skin surface of the patient 

5 14, The contact area of a sensor 36 may vary in size from micrometers to centimeters 

in diameter and height. The size selected is usually based on an application. 
Similarly, the number of sensors 36 used may depend on the application. 

When disposed on the patient 14, the sensor 36 may detect and/or measure 
10 some metric or parameter of interest, such as a mechanical event, that may be used as 

an indicator of internal motion. The sensor 36 may be connected to the respective 

sensor-based measurement system 34 via one or more leads 38 which may transmit a 
signal representative of the sensed metric or parameter to the respective system 34 for 
processing. In some contexts, the sensor 36 may communicate with the respective 
15 sensor-based motion detection system 34 via wireless means, such as a wireless 

network protocol, as opposed to a physical lead 38. 

Sensor-based systems 34 may measure mechanical or physical activity to 
determine respiratory motion. For example, internal movement caused by respiration 

20 may create mechanical motion detectable by one or more suitable sensors 36 disposed 

on the skin of the patient 14 as pressure, displacement, acceleration, velocity, 
pressure, and/or other mechanical indicators of motion. In this manner, internal 
motion of one or more respiratory organs may be detected and/or measured by various 
types sensors 36, including accelerometers, optical markers, displacement sensors, 

25 force sensors, ultrasonic sensors, strain gauges, photodiodes, and pressure sensors. 

As depicted in Fig. 1, one or more sensors 36 may be employed. In particular, 
at least one sensor may be deployed along each perpendicular axis of motion for 
which motion data is to be collected via the sensor-based motion detection system 34. 
30 For example, in Fig. 1, an A:-axis sensor 40 is situated on a sagittal plane relative to the 

patient 14, i.e., on the side of the thorax of the patient 14. In this configuration, the jc- 
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axis sensor 40 may measure intemal motion along the x-axis. Similarly, a ^^-axis 
sensor 42 may be situated on a coronal plane relative to the patient 14, i.e., on the 
front abdominal wall of the patient 14. In this configuration, the j;-axis sensor 42 may 
measure intemal motion along the y-axis. The location of the sensors 36 may be 
5 adjusted based on whether patient 14 is a "belly breather" or "chest breather." 

While only a single x-axis sensor 40 and j/-axis sensor 42 are depicted in Fig. 
1, more than one sensor 36 may be situated along an axis of interest. If more than one 
sensor 36 is situated along an axis, the sensors 36 may be arranged in an array or 
10 matrix. Typically, sensors 36 arranged in an array or matrix are spaced equidistant 

from each other. 

The exemplary system depicted in Fig. 1 depicts a generic imaging modality 
that may be used in accordance with the present technique. To facilitate the 
15 description of the present technique, however, the following examples will be 

presented in the context of a specific imaging modality, namely MRI. An one of 
ordinary skill in the art will appreciate, however, the present technique may be applied 
to a variety of imaging modalities, such as CT, PET, and so forth, and is not limited to 
the MRI modality. 

20 

Referring now to Fig. 2, an exemplary MRI system 50 is depicted. The system 
50 includes a scanner 52 in which a patient 14 is positioned for acquisition of image 
data. The scanner 52 generally includes a primary magnet for generating a magnetic 
field that influences gyromagnetic materials within the patient's body. As the 

25 gyromagnetic material, typically water and metabolites, attempts to align with the 

magnetic field, gradient coils produce additional magnetic fields that are orthogonally 
oriented with respect to one another. The gradient fields effectively select a slice of 
tissue through the patient 14 for imaging, and encode the gyromagnetic materials 
within the slice in accordance with phase and frequency of their rotation. A radio- 

30 frequency (RF) coil in the scanner 52 generates high frequency pulses to excite the 

gyromagnetic material and, as the material attempts to realign itself with the magnetic 
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fields, magnetic resonance signals are emitted which are collected by the radio- 
frequency coil. 

The scanner 52 is coupled to gradient coil control circuitry 54 and to RF coil 
control circuitry 56. The gradient coil control circuitry 54 permits regulation of 
various pulse sequences that define imaging or examination methodologies used to 
generate the image data. Pulse sequence descriptions implemented via the gradient 
coil control circuitry 54 are designed to image specific slices, anatomies, as well as to 
permit specific imaging of moving tissue, such as blood, and defiising materials. The 
pulse sequences may allow for imaging of multiple slices sequentially, such as for 
analysis of various organs or features, as well as for three-dimensional image 
reconstruction. The RF coil control circuitry 56 permits application of pulses to the 
RF excitation coil, and serves to receive and partially process the resulting detected 
MR signals. It should also be noted that a range of RF coil structures may be 
employed for specific anatomies and purposes. In addition, a single RF coil may be 
used for transmission of the RF pulses, with a different coil serving to receive the 
resulting signals. 

The gradient and RF coil control circuitry 54, 56 function under the direction 
of a system controller 58. The system controller 58 implements pulse sequence 
descriptions that define the image data acquisition process. The system controller 58 
will generally permit some amount of adaptation or configuration of the examination 
sequence by means of an operator interface 60. 

Data processing circuitry 62 receives the detected MR signals and processes 
the signals to obtain data for reconstruction. In general, the data processing circuitry 
62 digitizes the received signals, and performs a two-dimensional fast Fourier 
transform on the signals to decode specific locations in the selected slice from which 
the MR signals originated. The resulting information provides an indication of the 
intensity of MR signals originating at various locations or volume elements (voxels) 
in the slice. Each voxel may then be converted to a pixel intensity in image data for 
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reconstruction. The data processing circuitry 62 may perform a wide range of other 
functions, such as for image enhancement, dynamic range adjustment, intensity 
adjustments, smoothing, sharpening, and so forth. The resulting processed image data 
is typically forwarded to the operator interface 60 for viewing, as well as to short or 
long-term storage. As in the case of foregoing imaging systems, MR image data may 
be viewed locally at a scanner location, or may be transmitted to remote locations both 
within an institution and remote from an institution such as via a network connection 
64. 

In addition, a sensor-based motion measurement system 34 may be present 
which acquires motion data perpendicular to the body of patient 14 via one or more 
sensors 36. In particular, sensor-based motion measurement is useful for determining 
one-dimensional motion continuously over time. As depicted, the sensors 36 may 
include an x-axis sensor 40 situated on the side of the patient 14 and/or a>^-axis sensor 
42 disposed on the patient's chest. The sensors 36 may transmit the measured motion 
data to the sensor-based motion measurement system 34 as electrical signals, either 
via leads 38 or by wireless means. The sensor-based motion measurement system 34 
may process the acquired signals to estimate the motion of an organ along the 
measured axes or may transmit the raw motion data to other processor-based 
components of the MRI system 50 for motion estimation or determination. For 
example, the sensor-based motion measurement system 34 may provide the raw or 
processed motion data to the system controller 58, the data processing circuitry 62, 
and/or the operator workstation 60 for motion estimation or subsequent operations. 

In addition to the sensor-based motion determination techniques discussed 
above, motion determination for the organ or organs of interest may be performed 
using data obtained from the imaging system itself. These data-based techniques 
include pre-acquisition imaging techniques, such as Navigator pulses in MR systems, 
scout images in CT systems or fluoroscopic images in other generalized X-ray 
applications, may be employed to determine the motion of the lungs, diaphragm, chest 
wall, and so forth. Pre-acquisition motion measurement typically involves 
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determining the position of the organ or organs of interest by a pre-acquisition 
measurement using the imaging system 10. The motion of the organ or organs may 
then be subsequently determined based upon the pre-acquisition reference point. 

5 For example, in MRI, the Navigator echo method may use a non-phase- 

encoded readout of the current imaging slice, a two-dimensional pencil beam, or a full 
three-dimensional acquisition to measure the position the diaphragm or some other 
anatomical landmark before collecting imaging data. A narrow area perpendicular to 
the movement of the organ of interest may be imaged where the contrast of a moving 

10 interface is typically high. For example, where a two-dimensional pencil beam 

sequence is employed, the signal from a narrow volume perpendicular to the moving 
structure is acquired, such as a vertical volume in the superior/inferior direction for 
the diaphragm. The high-contrast moving interface may be used to automatically 
detect motion of the object, such as the diaphragm. Hence, the Navigator echo 

15 technique may be used as a motion determination technique that does not utilize 

additional sensing equipment, as the MR system itself provides the sensing. Other 
methods, such as orbital or spherical Navigator techniques, may be used to detect the 
motion of a rigid body in more than one dimension, however, these methods are 
generally not reliable for estimating the motion of non-rigid structures, 

20 

In addition, data-based techniques may derive motion data from the acquisition 
image data, prior or subsequent to reconstmction, i.e., from the acquired and/or 
reconstructed image domains. For example, a slab of data may be acquired in the 
torso region, such as in the region of the lungs or diaphragm. The image data may be 
25 acquired as part of two-dimensional or three-dimensional images. In the example of 

the diaphragm, one method of determining motion in the acquired image data is to 
track a pre-defined coverage area in the z-direction near the diaphragm over time. 

Segmentation techniques may be used to differentiate the diaphragm from 
30 other abdominal organs. A variety of segmentation techniques or combinations of 

techniques may be used, including, but not limited to, iterative thresholding, k-means 
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segmentation, edge detection, edge linking, curve fitting, curve smoothing, 2D/3D 
morphological filtering, region growing, fuzzy clustering, image/volume 
measurements, heuristics, knowledge-based rules, decision trees, neural networks, and 
so forth. 

5 

Segmentation may be performed manually and/or automatically. For example, 
manual segmentation may involve displaying the data, such as at the operator 
workstation 60, and allowing a user to delineate the region using an input device, such 
as a mouse, keyboard, touch screen, and so forth. Automated segmentation may be 

10 performed by algorithms that utilize prior knowledge, such as the shape and size of 
the organ of interest, such as the diaphragm. Combinations of manual and automatic 
segmentation, i.e., semi-automated processes, may also be employed, such as where 
automated routines are used to preliminarily segment the data and operator input is 
used to confirm or revise the segmentation. After segmentation, regions of interest 

15 within the segmented structures may be used to determine the motion over time at the 

regions. 

Using acquired image data to determine motion in this manner, a two- 
dimensional coronal data set or image may be used to determine frontal plane motion. 
20 Similarly, a two-dimensional sagittal data set may be used to determine sagittal plane 

motion and a two-dimensional axial data set may be used to determine horizontal 
plane motion. In this manner, three-dimensional motion, such as respiratory motion, 
may be derived using acquired and/or reconstructed image data. 

25 In these maimers, useful three-dimensional motion estimation for an organ, 

such as the lungs or diaphragm, may be accomplished using one or more of the sensor 
and data-based motion determination techniques discussed above. For example, 
referring to Fig. 3, a generic example is provided for the estimation of three- 
dimensional motion of an organ. As depicted in the example, x-axis motion data 70 

30 may be acquired at step 72 from a source of jc-axis motion data 74. The source 74 

may be one or more sensors 36 or an image data acquired form an imager 12, in 
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accordance with the sensor-based and data-based techniques previously discussed. 
Similarly, j^-axis motion data 76 and z-axis motion data 78 may be similarly acquired 
at respective steps 80 and 82 from respective j/-axis motion data sources 84 and z-axis 
motion data sources 86. The respective motion data sources 74, 84, 86 may be 
5 identical, such as image data acquired from an imager 12 or sensors 36 suitably 

disposed to measure motion for each axis. Alternatively, the motion data sources 74, 
84, 86 may be some combination of sensor-data and image-data based sources such 
that sensor-based sources may comprise the source of motion data for one axis while 
image-data based sources may comprise the source of motion data for another axis, hi 
10 this way the best-suited or most readily available source for measuring motion data 

along each axis may be employed. 

It is worth noting that the type of source may vary even within sensor-based 
and image-data based source categories. For example, sensors 36 may be used as a 

15 source of motion data for two different axes, however, one type of sensors may be 

employed on one axis, such as accelerometers, and a second type of sensor may be 
employed at the second axis, such as pressure sensors. Similarly, image-data may be 
used as a source of motion data for more than one axis, however different data-based 
techniques may employed in measuring motion data along the different axes. For 

20 example, pre-acquisition image data may be the source of motion data along one axis 

while an acquisition image data, from either the raw or reconstructed image domain, 
may be the source of motion data along a different axis. Therefore, the respective 
motion data sources 74, 84, 86 may include the most suitable and/or convenient 
combination of sources available. 

25 

Once the A:-axis motion data 70, ^^-axis motion data 76 , and z-axis motion data 
78 are acquired, the concurrent motion vectors associated with the x-axis, jjz-axis, and 
z-axis motion, as determined form the respective motion data sets 70, 76, and 78, may 
be combined at step 88 to generate a set of three-dimensional motion data 90 for the 
30 organ of interest which is continuous over time. The three-dimensional motion data 

90 derived by technique of Fig. 3 may be obtained in substantially real-time where 
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suitable motion data sources are available such as motion data obtained from sensors 
and/or from data-based techniques based on pre-acquisition image data. In such cases, 
the three-dimensional motion data may be used prospectively, such as for gating of the 
acquisition process and so forth. Alternatively, the three-dimensional motion data 
5 may be generated and used in a retrospective manner, such as for retrospective gating 

in instances where the motion data sources are better suited for retrospective uses. For 
example, data based techniques based on acquisition image data, either in the raw or 
reconstructed domains, may be better suited for retrospective applications. 

10 Once derived, the three-dimensional motion data 90 of the lungs, diaphragm, 

or other organ of interest may be used to track pathologies, such as tumors, over time. 
For example, the three-dimensional motion data 90 may be used for gating, radiation 
therapy planning, sxxrgical planning, surgical navigation, and follow-up diagnosis. Li 
addition, the three-dimensional motion data 90 obtained via the present technique may 

15 be used to generate motion correction factors to offset or correct for patient motion 

dming imaging, allowing motion artifacts to be reduced or eliminated from the 
reconstructed images. 

A specific example of the technique as described in Fig. 3, utilizing both 
20 sensor-based and data-based motion estimation, is provided in Fig. 4. As depicted in 

Fig. 4, organ motion in the jcy-plane may be continuously acquired by sensors 36 such 
that X-axis motion data 70 is acquired from the jc-axis sensor 40 at step 94 and j;-axis 
motion data 76 is acquired from thej^-axis sensor 42 at step 96. Conversely, the z-axis 
motion data 78 may be acquired at step 98 from pre-acquisition image data acquired 
25 from the imager 12. For example, an MR scanner utilizing a Navigator echo or other 

pre-acquisition motion measurement technique may be used to acquire the z-axis 
motion data 78 at step 98. The concurrent motion vectors associated with the x-axis, 
j;-axis, and z-axis motion data 70, 76, and 78 may be combined at step 88 to generate a 
set of three-dimensional motion data 90 for the organ of interest which is continuous 
30 over time. The three-dimensional motion data 90 derived by technique of Fig. 4 may 
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be obtained in substantially real-time and, in addition, may be used prospectively, 
such as for gating of the acquisition process and so forth. 

As depicted in Fig. 5, the motion estimates 70, 74, 78 may be validated where 
one or more additional sources of motion data are available. For example, motion 
data acquired for an axis from a sensor 36, here jc-axis sensor 40, may be validated 
against motion data acquired for the axis using data-based techniques, such as from 
pre-acquisition image data or acquisition image data. Similarly, motion data acquired 
for an axis from a sensor 36, such as y-axis sensor 42, may be validated against 
motion data acquired for the axis using a validation sensor 100 which may measure 
the same parameter as >'-axis sensor 42 or a different parameter. Similarly, motion 
data acquired for an axis using a first data-based technique, such as from pre- 
acquisition image data, may be validated against motion data acquired from the axis 
using a different data-based technique, such a data based-technique which determines 
motion from raw or reconstructed acquisition image data. 

For example, a metric of reliability of motion correlation between the two 
som-ce of motion data for an axis may be established, such as over numerous studies. 
A fraction of that metric may then be used as a reliability threshold. The reliability 
threshold and the acquired motion data from the two sources may be used to validate 
the acquired motion data, as depicted at acquisition step 102 for thex-axis, acquisition 
step 104 for the ;;-axis, and acquisition step 106 for the z-axis. The validation may 
occur concurrent with or subsequent to acquisition of the motion data, as desired or 
based upon the availability of the validating motion data. As one of ordinary skill in 
the art will appreciate, phase variations between the sensor-based and image-based 
motion data may be accounted for during the validation process as needed. If the 
second source of motion data validates the first source, such as based upon the 
reliability criterion discussed above, the motion data may be derived and used as 
described above. If the second source of motion data fails to validate the first source, 
a variety of response may be triggered, such as notification of an operator, termination 
of the measiirement process, or continuation of the motion data acquisition process 
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using either the first or second source of motion data without validation. The motion 
data 70, 76, 78 may be used to generate concurrent motion vectors for combination at 
step 88 to generate the three-dimensional motion data 90. While the preceding 
discussion describes the use of two sources of motion data along an axis for 
acquisition and validation, one of ordinary skill in the art will readily apprehend that 
more than two sources may be available and employed for acquisition and validation 
of motion data along an axis. 

While the invention may be susceptible to various modifications and 
alternative forms, specific embodiments have been shown by way of example in the 
drawings and have been described in detail herein. However, it should be understood 
that the invention is not intended to be limited to the particular forms disclosed. 
Rather, the invention is to cover all modifications, equivalents, and alternatives falling 
within the spirit and scope of the invention as defined by the following appended 
claims. 
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